Abstract A combination of coagulation and Fenton's process was used for the removal of total oxygen carbon (TOC) from oilfield wastewater. Compared with aluminium sulfate, ferric coagulant had better TOC removal efficiency at the same mass dosage. In Fenton's process, the effect of H 2 O 2 and Fe 2+ dose on the removal of TOC was studied. The optimum conditions required for TOC removal were an Fe 3+ concentration of 40-50 mg/L, an H 2 O 2 dose of 50 mmol/L and an Fe 2+ concentration of 1.0 mmol/L. GC-MS chromatographic analysis indicated that most of the alkyl hydrocarbons of carbon numbers <21 were removed in the first minute of Fenton's process mainly through adsorption. Alkyl hydrocarbons and phenols were oxidized almost completely following 120 min of treatment. The pathway of newly formed intermediates in Fenton's process was proposed on the basis of the GC/MS chromatogram.
Introduction
Oilfield wastewater is a by-product of petroleum production and the single largest volume of waste generated in the oil exploration and production process (Madian, 1995) . In some places in China, the volume of oilfield wastewater can be as much as tenfold that of the oil produced (Dong, 1996) . After a fraction of the oilfield wastewater is recycled and reused for additional oil production, the remaining oilfield wastewater is discharged into bodies of water, which leads to significant environmental concerns. Among various types of wastewater treatment processes, coagulation has been widely used for treating oilfield wastewater for its excellent performance in oil removal. However, further removal of organics is required when the oilfield wastewater is to be discharged into natural bodies of water. Separation of oil from water can be followed by various biological technologies to remove organic compounds from wastewater (Farnand and Krug, 1989; Lohne, 1994; Trasel et al., 1995) . But the efficiency of biological treatment of oilfield wastewater is very limited in most cases because of the high content of bio-refractory compounds, high temperature, high salinity (Campos, 2002; Farnand, 1989) . Alternatively, Fenton's oxidation (a mixture of hydrogen peroxide and ferrous iron) following coagulation, which can produce high oxidative OH radicals (Walling, 1975) , is an excellent candidate because of its simplicity, high efficiency, and low cost to remove organics. Undergoing oxidation of organics by radicals, the further removal of organic substances is also possible through adsorption by the ferric hydroxide precipitates formed.
The purpose of this study was to investigate the efficiency of a combined process of coagulation and Fenton's process to treat oilfield wastewater and to find the effects of various parameters on TOC removal efficiency in order to optimize the treatment process. Also the mechanism of organic removal was deduced by the transformation of GC/MS chromatography.
Materials and methods
Oilfield wastewater from Shengli Oilfield (Shangdong Province, China) was stored at 4°C before utilization. During the experiments, several samples were analyzed and their variability of the oilfield wastewater composition is illustrated in Table 1 .
Coagulation
The coagulation and Fenton's reaction experiments were conducted with jar testers. The coagulation experiments were initiated by adding the desired amount of aluminium sulfate or ferric chloride to water samples with rapid mixing at 100 rpm for 5 min, followed by slow mixing at 20 rpm for 15 min. The samples were then brought to a standstill for 30 min. An anionic polycrylamide of high molecular weight (M.W. 1.4 × 107, Beijing Chemical) at a dosage of 3.0 mg/l was added as a flocculant during the slow mixing step. After 30 min settling, the supernatant was withdrawn for TOC and GC/MS analyses and further treatment by Fenton's process.
Fenton's reaction
Experiments were carried out in a thermostated batch reactor (volume 1.0 l, 45 ± 0.5°C) in the absence of light. Fenton's process was initiated by adding ferrous solution to solutions containing given concentrations of H 2 O 2 under vigorous magnetic stirring. A pH value of 3.0 was controlled throughout all experiments.
Chemical analyses
The TOC of water samples was determined using a Shimadzu TOC500 analyzer, after filtration through filter paper with a pore size of 0.45 µm. Identification of some chemical constituents of the raw water and treated effluents following coagulation and/or Fenton's treatment were attempted by means of the GC5890II/5972MSD system (Hp Co.) equipped with a silicon capillary column (HP5-MS, 60 m × 0.32 mm × 0.17 µm). The injection temperature was 280°C and the temperature ramp was as follows: initial temperature of 75°C for 14 min; heating to 150°C at a constant rate of 15°C/min; heating to a final temperature of 300°C at a constant rate of 2°C/min, and holding 45 min at 300°C. Identifications were carried out with the aid of database libraries (Wiley and NIST). The samples were prepared as follows: the organic compounds were extracted twice from a sample of 100 or 200 ml at the respective conditions of pH 7.0, <2.0 and >10, using 50 ml of DCM each time.
Results and discussion
Coagulation Coagulation has been established as an effective process for de-emulsions and the removal of waste materials in suspended colloidal form. Aluminium sulfate or ferric chloride, the most popular coagulants, are often employed in the process of coagulation. Figure 1 shows the removal of TOC under different aluminium or ferric dosages, which was added in conjunction with alum or ferric particles. With increased Al or Fe dosage, the TOC removal increased. Compared with Al, Fe had a better removal effect for TOC at the same dosage. The TOC removal increased significantly from about 10% to more than 50% with the increasing of ferric dosage from 5 mg/l to 30 mg/l. Further increase of Fe dosage did (Figure 2 ). As shown in Figure 2 , the TOC removal increased with the increase of the H 2 O 2 dose from 1.0 mmol/l to 50 mmol/l, and no detrimental effects were observed even under the highest H 2 O 2 dose. It is clear that TOC removal underwent two steps, i.e., a rapid drop in the first minute followed by a gradual decrease. With the increase of the H 2 O 2 dosage, the TOC removal in the first step, which was presumed to be mainly related to adsorption by hydrolyzed ferric ions, only increased slightly. The increase of H 2 O 2 promoted TOC removal mainly in the second step, which was the result of oxidation. The effects of ferrous dose on TOC removal were evaluated under an affixed H 2 O 2 dose (Figure 3 ). In this case it was clear that increasing amounts of Fe(II) led to larger depletion of TOC. After 120 min reaction, the TOC removal increased from over 40% to over 70% with the addition of a ferrous dose from 0.25 mmol/l to 1.0 mmol/l. This was because the increasing Fe 2+ not only made the redox reaction complete, but also enhanced ferric coagulation. 
Characteristics of GC/MS
The organic composition of oilfield wastewater depends on the origin and quality of the oil and the extraction methods used. With a view to obtaining a better characterization of the oilfield wastewater, GC/MS analyses were carried out, and the results are presented in Figure 4 . Its organic components were mainly alkanes, phenols and polycyclic aromatic hydrocarbons. Figure 5 shows the organic composition in supernatant following coagulation. In comparison with Figure 4 , it is calculated that almost all polycyclic aromatic hydrocarbons and 65% of the alkanes were removed during coagulation. The removal of lighter alkanes (<C 21 ) was more than 80%. The removal of phenols, however, was quite poor during coagulation treatment. Figure 6 shows the chromatogram after 1 min of Fenton's treatment. After 1 min's reaction, almost all alkanes (below C 21 ) were removed. Other organics, however, were not removed perceptibly. The organic removal pattern demonstrated that the TOC removal at this stage could probably also be attributed to Fe 3+ absorption. Figure 7 shows the chromatogram after 30 min of Fenton's treatment. Compared with Figure 6 , Figure 4 A typical chromatogram of produced water (GC/MSD) (sample volume: 100 ml, final volume: 1.0 ml, injected volume: 1.0 µl) 1. 2,4-dimethylphenol; 2. 1-ethyl-2,3-dimethylbenzene; 3. n-C 11 ; 4. n-C 12 ; 5. 1-methylnaphthalene; 6. 2-methylnaphthalene; 7. n-C 13 ; 8. 2,7-dimethylnaphthalene; 9. 2,7-dimethylnaphthalene; 10. n-C 14 ; 11. 1,6,7-trimethylnaphthalene; 12-27. n-C 15~C30 about 50% of residual alkanes were further removed, and several new intermediates were formed. With the aid of a database, identification of these intermediates was carried out with high reliability (>90%). The formation of new intermediates can be attributed to the oxidation of OH radicals. Subsequently, these intermediates were decomposed again (Figure 8 ), which led to the gradual decrease of TOC.
Degradation pathway of alkyl hydrocarbons
The oxidation of hydrocarbons by OH radicals is an extremely complex process, which involves a large number of concurrent and consecutive as well as independent and connective stages. On the basis of our results on the mass spectral data, a pathway is proposed for the oxidation of hydrocarbons by Fenton's process (Figure 9 ). Hydroxylation of Figure 9 Pathway of alkyl hydrocarbon oxidation by Fenton's process hydrocarbons with corresponding H abstraction by OH radicals was confirmed as a major reaction step. The hydrocarbonyl radicals reacted with oxygen by a diffusion-controlled process forming peroxy radicals, which could react by one or two routes. A chain-opened reaction was followed by oxidation of alcohols to acids. The formation of ester came through the etherification reaction of alcohol and acid.
Conclusions
The present study demonstrated that the organics of oilfield wastewater could be removed by a combination of coagulation and Fenton's reaction. The coagulation experimental results indicated that ferric salt had a better TOC removal effect than alum salt at the same mass dosage. The rate of oxidation was influenced by the dosages of Fe 2+ and H 2 O 2 . The optimum conditions required for TOC removal were an Fe 3+ concentration of 40-50 mg/l, an H 2 O 2 dose of 50 mmol/l and an Fe 2+ concentration of 1.0 mmol/l. TOC removal during Fenton's process underwent two stages, i.e. a rapid reduction of TOC in the first minute and a slow decrease of TOC in the following period. The rapid decrease was due to the initial Fe 2+ /H 2 O 2 reaction, and the gradual decrease is attributed to the Fe 3+ /H 2 O 2 reaction. In the process of Fenton's reaction, the mechanism of newly formed intermediates was proposed on the basis of its GC/MS chromatogram.
